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1
Asian cultivated rice is one of the most ancient and widely consumed staple food crops. 2 Its domestication and cultivation contributed to the rise of agricultural civilization in 3 Asia. Rice is believed to have been domesticated ˜9000 years ago from one of its 4 sympatric wild species, O. rufipogon (Oka 1988; Fuller et al. 2010 ). Molecular studies 5 have identified multiple varietal groups in cultivated rice, including two major ones: 6 japonica (keng) and indica (hsien) (Glaszmann 1987 2007; Sang and Ge 2007) or independent selection from standing ancestral variation 6 (Civáň et al. 2015) . 7
Despite these seemingly conflicting viewpoints, it is well accepted that 8 understanding the genetic variation of the primary gene pool, from which rice was 9 domesticated, is critical in studying rice domestication (Vaughan et al. 2008 ). The 10 primary gene pool is a concept used among plant breeders to define a set of 11 species/subspecies comprised of three components: the cultivated species, its wild 12 ancestor, and in many cases, its weedy counterparts (Harlan and DeWet 1971). Within 13 this gene pool, hybridization occurs easily and hybrid swarms are occasionally formed as 14 a result of crossing between the constituent components (Harlan 1992). 15 There has been extensive work on the population structure and genetic relatedness of 16 different subgroups within the rice primary gene pool, but incongruent phylogenetic 17 patterns have been observed. Wild rice has an annual ecotype, O. nivara, and its 18 phylogenetic position with the perennial type is inconclusive (Lu et al. 2002; Londo et 19 al. 2006 ), thus in this study we will not separate it from O. rufipogon. Early molecular 20 phylogenetic studies using isozymes identified two genetic groups of O. rufipogon, with 21
closer genetic affinity to indica and japonica, respectively (Second 1982 ). Multiple 22 other DNA studies also identified different genetic subgroups in wild rice populations 23 associated with different domesticated rice subgroups. In addition, they also identified 1 more ancestral genetic groups in wild rice population (Sun et al. 1996 genetic erosion and diversity loss in wild rice (Oka 1988 
Results
6
Admixture analysis in the primary gene pool of Asian rice 7
To investigate population structure and admixture patterns in the primary gene pool of 8
Asian rice, we combined whole genome sequencing data from 203 cultivated rice The cultivated rice accessions were collected from 71 countries and were systematically 11 selected to be representative of rice diversity from more than 18,000 accessions in the 12 USDA rice germplasm seed bank (Agrama et al. 2009 ). The wild rice samples were 13 collected in situ in wild rice natural habitats (Supplemental Text S1) by scientists from 14 National Institute of Genetics in Japan (Morishima 2002) . 15 We first estimated ancestry proportions for individuals using NGSadmix (Skotte et 16 al. 2013 ), which implements a clustering method similar to the one in the popular 17 program ADMIXTURE (Alexander et al. 2009 ), while incorporating uncertainty in the 18 genotype calls inherent in Next Generation Sequencing (NGS) data. We fit admixture 19 models by varying the number of presumed ancestral populations (K) from 2 to 15 20 (Supplemental Fig. S1-S3) . Generally, the results fit those found in previous studies and 21 expected from prior knowledge of rice population genetics (see Supplemental Text S3). 22
However, accessions of domesticated rice are identified to have a small amount (<5%) of 1 wild rice ancestry, possibly reflecting introgression from wild rice, which was not 2 observed in previous studies (Wang et al. 2016 ). In the most remarkable case, one 3 domesticated rice accession (GSOR311586) was identified to be of 99% wild ancestry. 4 We conducted field observations which showed that this accession has shattering grains 5 and black-hull seeds with long awns that are hallmark phenotypes of wild rice 6 (Supplemental Fig. S6 ). PCR also confirmed that this accession contained a wild allele 7 of sh4. It is very likely that this is, in fact, a wild rice accession that was misidentified as 8 domesticated during germplasm collection. 9
In the wild rice population, however, we identified six subgroups (Fig. 1A) , which 10 we denote as Or-A, Or-B, Or-C, Or-D, Or-E and Or-F, respectively, according to the 11 order of emergence when increasing K in the admixture analyses (Fig. 1A, Supplemental  12 Fig. S1). We also find good correspondence between subpopulations assigned here and 13 previously described genetic subgroups (Huang et al. 2012b) based on phylogenetic 14 analyses (Supplemental Table S1 , Supplemental Fig. S7 ). Notably, a large proportion 15 (42%) of wild rice individuals seems to be substantially admixed and thus could not be 16 assigned to a single ancestry group, suggesting a complicated history of hybridization 17 and differentiation among wild rice. Among the identified clusters, four components 18 found almost exclusively in the Indochina Peninsula, Bangladesh and East India (Fig.  7 1B). Intriguingly, for the last two subgroups (Or-E and Or-F), the major genetic 8 components are shared with aus and indica, respectively. To further characterize the 9 genetic relationships among subgroups in this gene pool, we carried out a principal 10 component analysis (PCA) (Fig. 1C, Supplemental Fig. S8 ). In the PCA space 11 constructed with the first two PCs, japonica forms an isolated cluster, while indica and 12 wild rice form a separate, more diffuse cluster. Or-E and Or-F co-localize with aus and 13 indica in the PCA plot. PC3 separates indica and aus, each forming a cluster. However, 14
Or-E and Or-F still cluster with aus and indica, respectively and the clustering pattern 15 still persists even at higher dimensions of the PCA space (Supplemental Fig. S8 in all sativa-rufipogon pairs. We find a highly significant correlation (ρ = 0.15, P < 5 2.2×10 -16 ; Supplemental Fig. S9 ), indicating that geographically close 6 sativa-rufipogon sample pairs tend to be more genetically related than expected. One 7 possible explanation for the correlation could be that the correlation is driven by shared 8 ancestral polymorphism between two species, but this is only tenable when there are 9 multiple geographic sites where rice was domesticated independently. Moreover, the 10 correlation is also present within smaller regions, such as India (ρ = 0.18, P = 11
1.1×10
-12 ) and Bangladesh (ρ = 0.27, P = 3.1×10 -3 ) (Supplemental Fig. S10 ). despite enormous allelic diversity commonly observed at other genomic loci among 6 subgroups of domesticated rice. The domestication alleles confer traits strongly 7 preferred by humans, but they are presumably highly deleterious in the wild: the 8 non-shattering phenotype will increase the probability of herbivory of rice seeds and 9 erect growth will make rice plant more easily spotted and grazed by herbivores (Tan et 10 al. 2008). We first examined the haplotype content at the sh4 locus using a clustering 11 approach (see Methods; Supplemental Table  20 S1). Since we adopted the 95% ancestry cutoff for identifying domesticated allele (see 21
Methods), the result suggests that 94 may represent a conservative estimate of the 22 number of wild samples harboring the domesticated allele at sh4. This estimate is 23 consistent with a previous study which determined that ~27% of wild rice contain the 1 non-shattering allele at sh4 (Zhu et al. 2012). 2
The observation that these 'wild' accessions contain the domestication allele at this 3 key domestication gene can be explained by two hypotheses: introgression from 4 domesticated rice or shared ancestral variation. In the first scenario, we would expect 5 that these individuals might share the signal of the domestication-related selective 6 sweep at the sh4 locus and show a reduction in genetic distance to domesticated rice 7 relative to the distance between other wild rice and domesticated rice at this locus. 8
However, if these varieties harbor the domestication allele simply due to shared 9 ancestry from before domestication, they should not show the signal of a domestication 10 related selective sweep. To test this hypothesis, we examined local diversity at this 11 locus on wild rice carrying the domesticated allele of sh4 (hereafter WRDS) and found 12 a four-fold reduction in relative nucleotide diversity across the 200kb region that 13 perfectly coincides with a similar diversity reduction in domesticated rice ( open floret with exerted stigma, resulting in a higher rate of outcrossing, and this is 5 mirrored by a lower inbreeding coefficient estimates when compared with 6 domesticated rice (t-test, P << 0.01; Supplemental Fig. S20 ). Thus, morphological 7 differences predict an asymmetric pattern of gene flow, with its dominant direction 8 from domesticated into wild populations. Moreover, the census sizes of domesticated 9 rice populations are much larger relative to wild rice populations, this also suggest that 10 gene flow will predominantly be from domesticated to wild rice. Consistent with these 11 expectations, we find 207 domestication alleles at sh4/PROG1 in wild rice population, 12 while the wild alleles in domesticated accessions rarely are observed (n = 3). 13
Genome-wide admixture analyses are also consistent with this hypothesis: varying K 14 from 2 to 9, we consistently observe domestication components in wild rice population, 15 but very little wild ancestry in domesticated rice (Supplemental Fig. S1 ). For the K = 9 16 model, 50% of wild rice have >10% domesticated ancestry (Supplemental Fig. S21 ). Table S2 ). In Bangladesh, 75% of wild accessions have domesticated 3 alleles at one of the loci and 45% have domestication alleles at both loci; in East India, 4 we find 60.4% have one domesticated allele and 41.5% have both. These numbers are 5 much higher than the average level of 32.4% and 15.2%. By contrast, the northeast 6 ranges of wild rice habitat show little or no introgression at either locus, e.g., only 7 17.5% of wild rice in China and 6.7% in Laos harbored domesticated alleles. In 8 Indonesia, none of the rice accessions show evidence of introgression. Estimates of 9 domesticated ancestry proportions (K = 9) in the genome of wild rice show a pattern of 10 gene flow similar to that inferred using the two domestication loci (Fig. 3B,  11 Supplemental with an average of 50% of admixed samples carrying >5% indica ancestry (Fig. 3B) . In 14 contrast, aus and japonica are planted in more restricted geographic regions and the 15 distribution of gene flow into wild populations reflects these geographic biases (Fig.  16   3B ). The proportion of wild accessions with >5% aus ancestry is high in Bangladesh 17
and India (86% and 61%, respectively), which coincides well with the traditional 18 planting area of aus varieties (Glaszmann 1987 and further support geographic biases in domesticated sources of gene flow (Fig. 4A) . 9 We summarized the length distribution of introgressed tracts from each domesticated 10 subgroup and found that the length distribution of japonica haplotypes is enriched for 11 smaller segments with an average of 8cM (Fig. 4B) . The distribution of japonica 12 haplotypes is significantly shorter than that of both indica (t-test, P < 1 × 10 −8 ) and aus 13 (t-test, P < 1 × 10 −8 ), which have average haplotype length of 27cM and 18cM, 14
respectively. This result indicates that the gene flow from japonica to wild rice is older 15 than that of aus and indica. are closely related to domesticated rice chloroplast haplotype, we constructed a 6 haplotype network using common polymorphic sites across rice chloroplast genomes 7 (Supplemental Text S4), which summarizes all major chloroplast haplotypes in the 8 primary gene pool of rice and the phylogeny among them (Fig. 5) . Surprisingly, we of Or-E and aus genomes provides a unique opportunity to investigate the genetic basis 2 of plant feralization. In order to identify loci that might have been differentially 3 selected between domesticated and feral rice, we first scanned the genome using F ST to 4 identify highly differentiated genes between Or-E and aus. We performed gene 5 ontology (GO) enrichment analysis on genes with F ST values ranking in the top 5% of 6 the empirical distribution. The top enriched GO terms are mostly high-hierarchy terms 7 which are too general to provide any specific biological hints (Supplemental Table S3 ). 8
But among the top enriched GO terms that refer to explicit biological functions, abiotic 9 and biotic resistance terms including response to fungus (P = 8.1×10
-7 ), bacterium (P = 10 1.5×10 -9 ), salt (P = 8.4×10 -11 ), cold (P = 4.8×10 -6 ) and wounding (P = 3.6×10 -8 ), are 11 prominently enriched. This suggests that rice might have faced different biotic and 12 abiotic selection pressures under domestic and wild conditions. Interestingly, the GO 13 term 'long-day photoperiodism' is also enriched, an enrichment which persists even if 14 the GO analysis is limited to genes with top 1% F ST values, indicating that genes 15 underlying flowering time in long-day condition are among the most differentiated 16 genes between Or-E and aus. We subsequently identified genes under selection in Or-E 17 that may have been targeted by natural selection during the feralization process. (G/A, G387S) that is fixed for G in Or-E but has low allele frequency in aus (13.3%), a 2 potential candidate causal mutation. It is likely that HD1 is a target of selection for rice 3 feralization and that the non-synonymous mutation has contributed to the flowering 4 time adaptation of rice in the wild habitat. 5
Implications for rice domestication 6
The high level of gene flow between wild and domesticated rice has consequences for 7 our understanding of the process of rice domestication. To illustrate this, we estimated 8 admixture graphs of geographically defined wild rice and major groups of 9 domesticated rice using TreeMix (Pickrell and Pritchard 2012), which uses a Maximum 10 Likelihood (ML) method based on a Gaussian model of allele frequency change. We 11 divided wild rice into five regional populations based on geographic characteristics of 12 the wild rice area and potential boundaries between subgroups (Methods, Figure 1B) . Allowing just one migration event (Supplemental Fig. S26 ; m = 1), we observe an 6 admixture event from indica into the Indochina wild rice population (ICW) 7 contributing (46%) of the DNA in Indochina. This is consistent with the results that a 8 substantial amount of indica ancestry is observed in ICW ( Figure 1B, Figure 4A ). 9
Allowing two admixture events (Supplemental Fig. S26 ; m = 2), a substantial amount 10 of gene-flow from Indochina to China is observed. This is possibly a consequence of 11
Chinese wild rice being admixed between original wild rice and domesticated rice. 12 This is supported by the fact that when m = 3, wild Chinese rice groups with wild rice in 13 Indochina and the Archipelago, but with substantial gene-flow (49%) from the ancestor 14 of japonica domesticated rice (Fig. 6) . Likely, the true wild ancestor of japonica rice is 15 not represented in the sample by any current wild descendant population. The Or-B 16 component found in the China may not be an 'authentic' wild component, but rather it 17 is a product of admixture between wild rice and ancient japonica. The wild rice 18
ancestral to the domesticated japonica may be, in fact, already extinct. For models with 19 m = 3, we observed an admixture event, with a proportion of 19%, from aus to tropical 20 japonica (Fig. 6) , indicating substantial genetic ancestry shared between these two 21 subgroups. We consistently observe japonica sharing high residuals with aus/indica 22 (Supplemental Fig. S26 ), which likely reflects that they share many genomic 23 components caused by hybridization in their domestication and breeding history. accessions. We randomly picked one variable site for every 5kb genomic region from 1 variable sites to reduce effects of linkage disequilibrium. In total, 60,722 evenly 2 distributed markers were used. With these markers, we successively tested 14 3 clustering models in the population with K (presumed cluster number) ranging from 2 4 to 15. For each K, we run 200 independent replicate optimizations, picked the 5 clustering model with highest log likelihood value and the corresponding log 6 likelihoods are shown in Supplemental Fig. S3 . PCA was performed with the same 7 genotype likelihoods dataset using ngsCovar from the ngsTools package (Fumagalli et 8 al. 2014 ). All plots were generated with R (version 3.0.2) (R Core Team 2016). We 9 estimated admixture trees, phylogenies, and haplotype networks using standard 10 methods explained in Supplemental Text S4 and S5. 11
Introgression analyses at two domestication loci 12
To identify domestication haplotypes at the sh4 locus in wild rice, we inferred local 13 ancestry in a 10kb region centered on sh4. Using genotype likelihoods, we ran 14
NGSadmix for varying values of K, and domesticated rice accessions were consistently 15 assigned to one component from K = 2 to K = 5 except for the mis-identified sample, 16 GSOR311586. At K = 6, the domesticated rice population splits into two major 17 components, which conflicted with prior knowledge that there is one haplotype at this 
